The capillary system of choroid, the choriocapillaris (CC), is unique in structure and function. It is positioned adjacent to the RPE monolayer and separated from the RPE by Bruch\'s membrane (BM). It has a lobular architecture and is fenestrated predominantly on the retinal side of the vascular lumen. The choroidal vasculature provides all of the exogenous nutrients and oxygen for the RPE cells and highly metabolically active photoreceptors.^[@i1552-5783-57-4-2213-b01]^ If the CC becomes dysfunctional and blood flow is compromised, photoreceptors are deprived of nutrients and oxygen, potentially leading to their degeneration. What nutrients the CC transports and how this is accomplished is not known. It is assumed that the fenestrations provide rapid transport of solutes and small molecules into and out of the CC.^[@i1552-5783-57-4-2213-b02]^ However, transport of macromolecules probably occurs by the caveolae system or via coated pits, and these transport systems have never been critically evaluated in CC. Only fenestrations have been studied historically in the normal mammalian CC. A common misconception is that CC, being fenestrated, allows free transport of macromolecules to RPE when in actuality the endothelial cells of CC have tight junctions and carefully regulate the transport of material from lumen to the RPE and vice versa.

Transcytosis systems of endothelium cells (ECs) have been studied extensively in kidney and liver but only cursorily in CC.^[@i1552-5783-57-4-2213-b03][@i1552-5783-57-4-2213-b04][@i1552-5783-57-4-2213-b05]--[@i1552-5783-57-4-2213-b06]^ There are several possible mechanisms for physiologic transport of macromolecules across a capillary wall: caveolae, which are 60--80 nm in diameter; vesiculo-vacuolar organelles (VVOs), 0.12--0.14 mm^2^; transendothelial channels (TECs); and fenestrations (60- to 80-nm pores).^[@i1552-5783-57-4-2213-b06][@i1552-5783-57-4-2213-b07]--[@i1552-5783-57-4-2213-b08]^ Caveolae (or plasmalemma vesicles) are responsible for transport of macromolecules like albumen in EC systems ([Table](#i1552-5783-57-4-2213-t01){ref-type="table"}). The VVOs and TECs are thought by some to be assemblies of caveolae that transport large macromolecules like ferritin transcellularly,^[@i1552-5783-57-4-2213-b09]^ whereas others question the relation of TECs to caveolae.^[@i1552-5783-57-4-2213-b06]^

###### 

Transport Systems of CC

![](i1552-5783-57-4-2213-t01)

From studies in liver and kidney, a few molecules have been isolated and characterized that are important in transport through fenestrations and caveolae: plasmalemmal vesicle-associated protein-1 (PV-1) and the caveolins (Cavs). There are now three Cavs known, but Cav-1 seems to be most important in EC transcytosis.^[@i1552-5783-57-4-2213-b10]^ Caveolin-1 is a cholesterol-binding protein, and genetic ablation of Cav-1 eliminated caveolae but not VVO or TEC formation.^[@i1552-5783-57-4-2213-b06]^

Fenestrations are responsible for rapid transport of solutes and small molecules ([Table](#i1552-5783-57-4-2213-t01){ref-type="table"}). The type of fenestration (diaphragm or not) and size are unique in each organ system.^[@i1552-5783-57-4-2213-b11]^ Fenestrations vary in pore size from 60 to 80 nm with diaphragms (e.g., CC; Table) to 100 to 175 nm in liver and 60 to 80 nm in kidney glomeruli; the latter two organs have fenestrations without diaphragms in normal adults.^[@i1552-5783-57-4-2213-b11]^ In kidney, fenestrations restrict protein passage into urine, which appears to be accomplished in part by the glycocalyx that covers the channel opening.^[@i1552-5783-57-4-2213-b12],[@i1552-5783-57-4-2213-b13]^ In kidney development and in pathologic states, diaphragms are present in fenestrations, but diaphragms are not present in normal adult kidney.^[@i1552-5783-57-4-2213-b14]^ Plasmalemmal vesicle-associated protein-1 is a major component of the diaphragms in fenestrations and some caveolae.^[@i1552-5783-57-4-2213-b15],[@i1552-5783-57-4-2213-b16]^ Macromolecules could also cross the CC via leakage through open tight junctions (TJs). Although CC is fenestrated, it also has TJs like other vascular endothelium to restrict nonspecific passage of macromolecules. In disease states like diabetes, there is loss of TJs between retinal EC resulting in leakage of serum proteins out of the vascular system and into interstitial spaces resulting in hard and soft exudates.^[@i1552-5783-57-4-2213-b17]^

A detailed description of the CC transport systems has never been undertaken, and the last attempt was in the 1980s by Pino et al., before the caveolae system was even known. Pino et al. used a series of proteins (horseradish peroxidase \[HRP, 40 kDa\], hemoglobin \[68 kDa\], lactoperoxidase \[84 kDa\], catalase \[240 kDa\], ferritin \[480 kDa\]) and found that only HRP traversed the CC and was found in BM and RPE cells.^[@i1552-5783-57-4-2213-b18][@i1552-5783-57-4-2213-b19][@i1552-5783-57-4-2213-b20][@i1552-5783-57-4-2213-b21][@i1552-5783-57-4-2213-b22]--[@i1552-5783-57-4-2213-b23]^ Most of the tracers used by Pino et al. were biologically active macromolecules that could have exerted their own effect on transport properties, and they evaluated transport for 30- and 60-minute time points after injection only. Since those pioneering studies, very little information on CC transport has been elucidated.

The present study evaluates the mechanisms for EC transcytosis of BSA from lumen to RPE in young and aged mice. It is important to understand normal CC transport mechanisms and its regulation so we can determine whether alteration of transport contributes to disease states like AMD. For these studies, BSA was conjugated to Alexafluor-647 to evaluate transport at the tissue or light level using the confocal microscope and conjugated to gold nanoparticles (GNPs) to evaluate albumen in subcellular compartments and structures like caveolae and fenestrations. Our central hypothesis is that the fenestrations, coated pits, and caveolae of CC control the flux of materials from serum to BM and RPE, and regulation of that transport changes with age. Cav1^−/−^ mice were used to evaluate the effect of caveolae deficiency. Dysfunction in CC transport could result in loss of nutrient supply to RPE and photoreceptors.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

All animal experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the University of Johns Hopkins Animal Care and Use Committee. The mice used were C57BL/6J mice (B6 or wild type \[WT\]) and caveolin-1 knockout mice (*Cav1^−/−^*), strain B6.Cg-Cav1^tm1Mls^/J from the Jackson Laboratory (Bar Harbor, ME, USA), which are caveolae deficient. Mice were used at 3 and 14 months of age.

Preparation of Tracers {#s2b}
----------------------

Bovine serum albumen was used in the native form or labeled with Alexa Fluor 647 (A647; Molecular Probes, Eugene, OR, USA), following the instructions of the manufacturer. Purification was performed by dialysis (MWCO 20,000; Spectra Labs, Inc., Rancho Dominguez, CA, USA) against deionized water three times for 3 hours each. Free dye was successfully removed, which was confirmed by HPLC using an Acquity UPLC BEH300 C4 column (Waters, San Antonio, TX, USA): eluent A: 0.1% trifluoroacetic acid (TFA) in water, eluent B: 0.1% TFA in acetonitrile, flow rate of 0.2 mL/min, and gradient of eluent A to eluent B over 30 minutes ([Supplementary Fig. S1](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}).

Gold-albumen conjugates (BSA-GNP) were prepared as follows. The 5-nm GNP (Ted Pella, Inc., Redding, CA, USA) solution was first filtered through a 0.2-mm Gelman membrane (Ann Arbor, MI, USA) and then equally mixed with a 0.01 mM BSA solution. The mixture was stirred for 1 hour and then incubated at 41°C for 24 hours to facilitate BSA-GNP conjugation. The BSA-GNP was condensed 10 times by centrifugation at 13,700*g* for 3 hours. Size and zeta-potential or surface charge of the synthesized BSA-GNP were determined by Zeta-sizer (Malvern, Westborough, MA, USA; [Supplementary Fig. S2](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). The morphology of the synthesized BSA-GNP conjugate was characterized with an H-7600 transmission electron microscope (TEM) (Hitachi High-Technologies, Tarrytown, NY, USA; [Supplementary Fig. S3](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}).

Uptake of BSA In Vitro {#s2c}
----------------------

Human umbilical vein endothelial cells (HUVECs) were seeded in 24-well culture plates at a density of 5 × 10^4^ cells per well in 400 μL medium, followed by incubation with 10 μL BSA-A647 (6 μg Alexa647) or A647 dye/NaOH solution (pH 9, 6 μg Alexa674) for 60 minutes in medium containing 10% fetal bovine serum (FBS) without antibiotics. Culture medium was removed, and the cells were washed with cold PBS and then fixed in 2% paraformaldehyde in PBS for fluorescent imaging.

Administration of Tracers In Vivo {#s2d}
---------------------------------

Bovine serum albumin--A647 was injected intravenously through a femoral vein. Mice were anesthetized with 0.15 mL ketamine/xylazine (10 mg/mL ketamine/2 mg/mL xylazine) intraperitoneal (IP). The BSA-A647 solution, equivalent to 0.6 mg BSA in 200 μL, was administrated by manual injection and given for the determined time intervals, and then animals were killed by sodium pentobarbital overdose IP. The eyes with BSA-A647 were cryopreserved for confocal imaging analysis.^[@i1552-5783-57-4-2213-b24]^ For BSA-preloading experiments, BSA without labeling was injected intravenously through the femoral vein, and then BSA-A647 was injected 5 minutes later.

Bovine serum albumin--GNPs were injected by catheterization of the left common carotid artery to obtain countable GNPs in mouse eyes, as determined in preliminary experiments. Mice were anesthetized with 0.15 mL ketamine/xylazine IP. A 1-cm midline, cervical skin incision was made with its caudal terminus at the level of the clavicle. The omohyoideus muscle was divided and retracted to visualize the left common carotid artery. The surgically isolated artery was ligated by nicking it and then inserting a catheter (0.014 outside diameter \[OD\] × 0.007 inner diameter \[ID\]) that was then tied in place. Three hundred microliters of BSA-GNP (5.0 × 10^15^ particles/mL) was injected using syringe pump (Sage Instruments; Orion Research, Inc., Jacksonsville, FL, USA) at a 0.02-mL/min flow rate (*n* ≥ 3/group). After administration of 300 μL tracer, the animal was kept anesthetized for 5 minutes, perfused with PBS containing heparin, and then euthanized at 30 minutes after injection by IP sodium pentobarbital overdose. This time point was decided on because it is the time frame for uptake of albumen by ECs, and no gold was detected at longer time points. The concentration was chosen because higher concentrations and larger volumes induced stroke. To evaluate bulk vacuolar uptake of GNPs, GNPs with no BSA and GNPs coated with polyethylene glycol to neutralize surface charge were given to WT mice and processed after 30 minutes (*n* = 3 each). The eyes with gold probe were prepared for TEM, and the left eye only was analyzed because very little gold was found in the contralateral eye (Grebe R, unpublished results, 2015).

Tissue Collection and Labeling for Fluorescent Imaging {#s2e}
------------------------------------------------------

A Zeiss LSM 710 confocal microscopy (Carl Zeiss, Oberknochen, Germany) was used to evaluate the fluorescence distribution of injected BSA-A647 in the retina and choroid. Enucleated eyes were fixed 1 hour in 2% paraformaldehyde (PFA) in Tris-buffered saline (TBS) prior to the dissection of eyes and cryopreservation as previously reported,^[@i1552-5783-57-4-2213-b25]^ followed by cross-sectional analysis. Cross-sections (8 μm) of tissues were washed with TBS containing 1% Triton X-100 for 1 hour, followed by incubation with Griffonia simplicifolia isolectin B4 conjugated to FITC (GS isolectin-FITC, 1:200; Invitrogen, Grand Island, NY, USA). Images were captured using a Zeiss LSM 710 confocal microscope (Carl Zeiss).

Analysis of BSA-A647 Relative Fluorescence {#s2f}
------------------------------------------

For a quantitative analysis of BSA-A647 distribution in CC, RPE, and photoreceptors (PRs), relative fluorescence values were determined from images (2048 × 2048 pixels) as illustrated in [Figure 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}. Fluorescent intensity was set to zero in tissue that had no tracer before measuring actual fluorescence from the dye to avoid the contribution of low level autofluorescence. Fluorescent intensity was measured using rectangular selections (20 × 60 pixels) of 15 separate fields of CC, RPE, and PRs from three sections per animal using the plot profile tool in ImageJ software as described previously.^[@i1552-5783-57-4-2213-b26]^ A total of 45 measurements per animal were made for each structure. This was done for three mice from each time point and group captured under identical confocal microscope settings. The resulting numbers were averaged and expressed as corrected total fluorescence.

![Albumen transport by choriocapillaris in 3-month-old WT mice. Cryosections of retina and choroid after intravenous injection of bovine serum albumen tagged with Alexa647 (BSA-A647; *red*). Blood vessels were labeled with GS isolectin-A488 (*green*). Animals were killed at 30 minutes (**A**--**D**), 1 hour (**E**--**H**), and 4 hours (**J**--**L**) after injection and imaged under identical conditions. In each panel, the *left* image has both colors merged, and on the *right*, at higher magnification, *red* (BSA) only, *green* (lectin) only, and merged colors with DIC are presented in succession. Over the time course, BSA-A647 appears to shift localization from CC to RPE (*asterisks* indicate RPE; *white arrowheads* indicate BM: *Scale bar*: 20 μm).](i1552-5783-57-4-2213-f01){#i1552-5783-57-4-2213-f01}

Transmission Electron Microscopy {#s2g}
--------------------------------

Eyes for TEM analysis were fixed in 2.5% PFA/2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for a minimum of 24 hours and processed as previously described.^[@i1552-5783-57-4-2213-b27]^ Two 2.5-mm-long sections were cut from each block per grid, and five grids were made from each block. Images of three random areas in the section were captured. Five-nanometer gold was chosen because this size GNP could be distinguished from background electron dense particles. Gold is so electron-dense that the background can be thresholded away in Adobe Photoshop, leaving only 5-nm nonpixelated profiles of gold particles ([Supplementary Fig. S4](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}).

Statistical Analysis {#s2h}
--------------------

Statistical analysis of corrected fluorescence intensity values was done using the paired Student\'s *t*-test with 2-tails, and *P* ≤ 0.05 was considered significant.

Results {#s3}
=======

Alexa647-Conjugated BSA Transport by the Mouse Choriocapillaris {#s3a}
---------------------------------------------------------------

Free Alexa647 dye was completely removed from BSA-A647 solution by dialysis, which was corroborated by HPLC analysis, which showed a single peak with fluorescence and with UV ([Supplementary Fig. S1](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). The fluorescently tagged albumen was then administered intravenously to young and aged mice. C57BL/6J (WT) mice that were 3 and 14 months of age were injected with 200 μL BSA-A647 containing 0.6 mg BSA, perfused with PBS, and killed at different time intervals after injection. In cryosections from eyes of young mice at 30 minutes after injection, A657-BSA fluorescence (red) was visible in the CC with a punctate pattern in choroidal blood vessels ([Figs. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}A--[1](#i1552-5783-57-4-2213-f01){ref-type="fig"}D). By 1 hour, most BSA labeling was still observed inside CC, which remained doubly labeled with GSA lectin ([Figs. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}E--[1](#i1552-5783-57-4-2213-f01){ref-type="fig"}H). By 4 hours, some of BSA-A647 was observed in RPE, and most had been cleared from choroid ([Figs. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}I--[1](#i1552-5783-57-4-2213-f01){ref-type="fig"}L). Bovine serum albumin--A647 was also observed in retina at 4 hours after injection ([Fig. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}I).

Most BSA-A647 was observed in RPE, but some was outside retinal vessels in the eyes of aged WT mice at 30 minutes after injection ([Fig. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}A). Notably, A647-BSA was clearly observed anterior to GSA isolectin labeling of CC already at this early time point. By 1 hour, diffuse weak fluorescence was observed in PR inner/outer segments, and RPE and CC remained labeled ([Fig. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}B). By 4 hours, most of BSA remained visible in RPE ([Fig. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}I). Albumenal BSA-A647 was observed in retina at all time points ([Figs. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}A, [2](#i1552-5783-57-4-2213-f02){ref-type="fig"}E, [2](#i1552-5783-57-4-2213-f02){ref-type="fig"}I). The average fluorescence intensity of BSA-A647 in CC, RPE, and PRs is presented in [Figure 3](#i1552-5783-57-4-2213-f03){ref-type="fig"}, where values for young and aged mice are compared.

![Bovine serum albumin--A647 was imaged at 30 minutes (**A**--**D**), 1 hour (**E**--**H**), and 4 hours (**J**--**L**) after injection in 14-month-old WT mice. In each panel, the *left* image has both colors merged, and then *red* (BSA) only, *green* (lectin) only, and merged colors with DIC presented in succession on the *right* at higher magnification. The RPE have significant BSA-A647 fluorescence even at 30 minutes after injection. There is abluminal BSA-A647 in retina at all time points (*asterisks* indicate RPE; *white arrowheads* indicate BM; *Scale bar*: 20 μm).](i1552-5783-57-4-2213-f02){#i1552-5783-57-4-2213-f02}

![Tissue distribution of BSA-A647 in CC, RPE, and PRs in 3-month-old WT (**A**) and 14-month-old WT (**B**) as assessed by corrected total fluorescence intensity measurements made from images exemplified by images in [Figures 1](#i1552-5783-57-4-2213-f01){ref-type="fig"} and [2](#i1552-5783-57-4-2213-f02){ref-type="fig"} (\*\**P* \< 0.01; \**P* \< 0.001).](i1552-5783-57-4-2213-f03){#i1552-5783-57-4-2213-f03}

Tissue Distribution of BSA-GNP in CC of Young and Aged WT Mice {#s3b}
--------------------------------------------------------------

To analyze the tissue and cellular distribution of albumen in mouse choroid, gold nanoparticles were selected as tracers for TEM. These are a bio-inert colloidal suspension with a variety of nanometer sizes, which can be synthesized under the precise size control with a low polydispersity.^[@i1552-5783-57-4-2213-b28]^ The BSA-GNP had a 12.1-nm hydrodynamic diameter with a unimodal distribution, as determined by Zeta sizer ([Supplementary Fig. S2](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). The surface of BSA-GNP was negatively charged, and its charge was closer to BSA than to naked GNP. The TEM analysis showed that GNPs were successfully coated by a BSA corona, which was consistent with the zeta-potential analysis, and BSA-GNPs did not aggregate ([Supplementary Fig. S3](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). Bovine serum albumin--GNPs were administrated through the left common carotid artery to supply sufficient tracers to the CC, at least in the eye on the side of the injection. We found that no BSA-GNP reached the contralateral eye (right eye; data not shown).

In young WT mice after 30 minutes of circulation, BSA-GNPs were observed in caveolae of ECs in most areas of CC ([Figs. 4](#i1552-5783-57-4-2213-f04){ref-type="fig"}A, [4](#i1552-5783-57-4-2213-f04){ref-type="fig"}B). The caveolae with BSA-GNP were on the luminal surface, within the EC soma, and released into the perivascular milieu ([Figs. 4](#i1552-5783-57-4-2213-f04){ref-type="fig"}C, [4](#i1552-5783-57-4-2213-f04){ref-type="fig"}D), that is, they were transcytosed by the EC via caveolae. Some BSA-GNPs were also found in BM ([Figs. 4](#i1552-5783-57-4-2213-f04){ref-type="fig"}C, [4](#i1552-5783-57-4-2213-f04){ref-type="fig"}D).

![Ultrastructural distribution of BSA-GNPs (*arrows* and *arrowheads*) in the CC/BM/RPE complex of the left eyes of 3-month-old WT mice when animals were killed at 30 minutes after injection. (**A**) Bovine serum albumin--GNPs were present in caveolae with diaphragm on the abluminal EC surface (*arrowheads*), on the EC luminal surface (*long arrow*), and in EC cytosol (*short arrows*). (**B**) Bovine serum albumin--GNPs were present in EC caveolae (*arrowheads* and *insets*) on the scleral side of CC. (**C**) Bovine serum albumin--GNPs were present in caveolae open to the abluminal surface of ECs (*arrowheads*) and in BM (*arrows*). (**D**) Bovine serum albumin--GNPs (*arrows*) in BM 30 min after injection (*insets* show magnified area labeled with *asterisk* in all; *Scale bar*: 500 nm).](i1552-5783-57-4-2213-f04){#i1552-5783-57-4-2213-f04}

The tissue distribution observed in aged WT mice was similar to young WT, but BSA-GNPs were also found in other compartments of the CC/BM/RPE complex. Bovine serum albumin--GNPs were observed in caveolae of CC ECs and also were released into BM ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}A). Interestingly, a large number of BSA-GNPs were retained at the luminal orifice of fenestrations and appeared to be confined to the luminal side by the diaphragm of fenestrations ([Figs. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}A, [5](#i1552-5783-57-4-2213-f05){ref-type="fig"}B). Rarely were they found on the abluminal side of the fenestration pore, even after perfusion ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}). In addition, clusters of BSA-GNPs were found in between the leaflets of ECs at loose or incomplete TJs ([Figs. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}B, [5](#i1552-5783-57-4-2213-f05){ref-type="fig"}C). Transendothelial channels also transported BSA-GNPs from lumen ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}B). Also, a substantial number of BSA-GNPs were transported to RPE basal infoldings at this time point ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}D). Gold nanoparticles without BSA and GNPs that were coated with polyethylene glycol to neutralize the surface charge were not taken up by caveolae and not found in the CC lumens ([Supplementary Fig. S5](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). Therefore, serum albumen in old and young WT mice was predominantly transported from endothelial cells to BM via caveolae-mediated transcytosis and not via fenestrations or bulk vacuolar transport.

![Ultrastructural distribution of BSA-GNP in CC/BM/RPE complex of aged (14 months) WT mice at 30 minutes after injection. (**A**) Bovine serum albumin--GNPs were present at the opening to the fenestrations on the luminal side (*black arrows*) and in BM (*white arrowheads*). (**B**) Bovine serum albumin--GNPs were present in open tight junctions (*black arrowhead*), as well as at the luminal orifice of a TEC, fenestrations (*arrows*), and caveolae (*white arrowhead*). (**C**) A cluster of BSA-GNPs (*black arrows*) is in the constricted CC lumen and caveolae adjacent to a pericyte (*white arrowhead*). (**D**) Bovine serum albumin--GNPs (*black arrows*) were at fenestrations and even in RPE basal infoldings at 30 minutes after injection (*insets* show magnified area labeled with *asterisk* in all; *Scale bar*: 500 nm; SRD, subretinal deposit).](i1552-5783-57-4-2213-f05){#i1552-5783-57-4-2213-f05}

Transport of BSA-A647 in the Eye of Young Cav1^−/−^ {#s3c}
---------------------------------------------------

To further investigate the caveolae-mediated transport of BSA, BSA-A647 and BSA-GNPs were administrated under the same conditions as WT mice to 3-month-old *Cav1^−/−^* mice, which lack caveolae. Thirty minutes after injection, BSA-A647 was primarily localized to the BM side of CC but the punctate fluorescence found in WT was less visible in *Cav1^−/−^* mice ([Fig. 6](#i1552-5783-57-4-2213-f06){ref-type="fig"}). At 1 hour, BSA-A647 remained associated with CC (data not shown). By 4 hours, BSA-A647 had not been cleared from CC as it had been in the WT, and the pattern of the BSA-A647 in CC remained the same as other time points; however, it was reduced in CC at 4 hours ([Fig. 6](#i1552-5783-57-4-2213-f06){ref-type="fig"}B) but not to the extent that it was reduced in the WT mice at 4 hours ([Fig. 3](#i1552-5783-57-4-2213-f03){ref-type="fig"}). The level did not increase significantly in RPE at 1 or 4 hours as it had in the WT. This observation suggested that albumen in *Cav1^−/−^* was bound to gp60, the albumen receptor, but the transcytosis process of albumen-gp60 did not occur. Therefore, it was assumed that the fluorescent layer was probably the aggregate of albumen--gp60 complex that remained on the *Cav1^−/−^* endothelial cell surface. Also, of interest, fluorescent signal from BSA-A647 was rarely observed in retina at any of the three time points but it was in the control mice.

![Albumen transport in 3-month-old Cav1^−/−^ mice. (**A**) Cryosections of retina and choroid after intravenous injection of BSA-A647 (*red*), and blood vessels were labeled with FITC-GS isolectin (*green*). After 4 hours, the BSA still remains primarily restricted to the CC. (**B**) Tissue distribution of BSA-A647 in CC, RPE, and PR at 30 minutes, 1 hour, and 4 hours after injection expressed as corrected total fluorescence intensity from measurement made from images as shown in **A** (\**P* \< 0.001).](i1552-5783-57-4-2213-f06){#i1552-5783-57-4-2213-f06}

Tissue Distribution of BSA-GNPs in CC of Cav1^−/−^ {#s3d}
--------------------------------------------------

Bovine serum albumin--GNPs were administered to 3-month-old *Cav1^−/−^* mice, and the animals were killed 30 minutes after the start of injection, as in the WT mice. The majority of the BSA-GNPs were observed on the luminal surface of the ECs ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}). However, some BSA-GNPs were observed in vesicles forming at the surface of the CC ECs ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}C) and occasionally within vesicles in the ECs, whereas others were free in the cytoplasm of the CC ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}D). Rarely were BSA-GNPs observed in RPE basal infoldings ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}A) or BM. Those rare BSA-GNPs in the BM may have diffused through the open TJs that we and others have observed in *Cav1^−/−^* mice ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}A).^[@i1552-5783-57-4-2213-b29]^

![Ultrastructural distribution of BSA-GNPs (*arrows*) in the CC/BM/RPE complex in 3-month-old *Cav1^−/−^* mice at 30 minutes after injection. (**A**) Bovine serum albumin--GNPs (*arrow*) were present at the luminal surface and intracellular but not confined to vesicles. There were open tight junctions (open TJ) in some CC. (**B**) Bovine serum albumin--GNPs (*arrows*) were on the luminal surface of ECs (*asterisk* and *inset*) and in cytoplasm of ECs. (**C**) Some vesicles formed at the luminal surface (*asterisk* and *inset*), but none were found abluminally. (**D**) Bovine serum albumin--GNPs (*arrows*) were present in cytoplasm but not confined to vesicles (*black arrows*, BSA-GNP; *insets* show magnified area labeled with *asterisk* in all; *Scale bar*: 500 nm).](i1552-5783-57-4-2213-f07){#i1552-5783-57-4-2213-f07}

Effect of Albumen Receptor Saturation BSA transport {#s3e}
---------------------------------------------------

As further evidence for BSA binding to its gp60 receptor on CC, the receptors were saturated with unlabeled BSA before administering BSA-A647 to WT and *Cav1^−/−^*. We hypothesized that BSA-A647 would remain on the cell surface of endothelium as a complex formed with gp60 receptor in *Cav1^−/−^*, but the tracer would be internalized in the WT where new, unsaturated receptors would have cycled to the surface. The unlabeled BSA was administered via the common carotid artery to avoid loss of all BSA in the rest of the body. The BSA-A647 was administered 5 minutes after injection of BSA, and only the eye on the side injected with BSA was analyzed. As predicted, no BSA-A647 was observed at the surface of CC in *Cav1^−/−^* after saturating the gp60 on the surface of the CC ECs ([Fig. 8](#i1552-5783-57-4-2213-f08){ref-type="fig"}). However, BSA-A647 was prominent at the surface of the WT mice ([Figs. 8](#i1552-5783-57-4-2213-f08){ref-type="fig"}A, [8](#i1552-5783-57-4-2213-f08){ref-type="fig"}C, [8](#i1552-5783-57-4-2213-f08){ref-type="fig"}E), presumably because new gp60 receptors were shuttled to the cell membrane on the luminal surface.

![Fluorescently-tagged albumen (BSA-A647; *red*) uptake by CC in eyes of 3-month-old WT (**A**, **C**, **E**) and *Cav1^−/−^* (**B**, **D**, **F**) mice after preloading with excess BSA via the left carotid common artery. Mice were injected intravenously with 3 mg BSA, and then 5 minutes later received BSA-A647. Mice were perfused and killed at 30 minutes after injection of BSA-A647. Cryosections were imaged under the identical conditions. Blood vessels were labeled with GS isolectin-AF488 (*green*). (**A**) Bovine serum albumin--A647 was localized to CC in WT. (**B**) No BSA-A647 was associated with the CC in the *Cav1^−/−^* (*Scale bar*: 20 μm).](i1552-5783-57-4-2213-f08){#i1552-5783-57-4-2213-f08}

Discussion {#s4}
==========

The CC is responsible for supplying nutrients to RPE and PRs, as well as removing waste from the RPE. This is accomplished by several transport systems: fenestrations, caveolae, and receptor-mediated endocytosis. The current study focused on transport of just one serum macromolecule: albumen. Albumen was chosen because of its abundance, its globular shape with an approximate molecular weight of 68 kDa, and its importance in maintaining oncotic pressure of plasma, as well as the fact that it is not glycosylated. It is also a carrier of steroids, fatty acids, and thyroid hormones. Albumen is negatively charged so it is not attracted to normal EC glycocalyx, which is also negatively charged. Although albumen transport has been studied extensively in kidney and other organs, it has never been studied in CC. Using both a fluorescent and an electron dense albumen complex, the current study demonstrated that the majority of albumen is transported across the CC by transcytosis via caveolae and not through the CC fenestrations.

Caveolae were first described by Palade et al. who called them plasmalemma vesicles^[@i1552-5783-57-4-2213-b30]^ and Yamada who called them caveolae (little caves).^[@i1552-5783-57-4-2213-b31]^ Caveolae are the vesicular carriers filled with receptor-bound and unbound free solutes that are shuttled between the vascular and extravascular spaces, being deposited outside the cell. The caveolae contain receptors for many ligands^[@i1552-5783-57-4-2213-b07],[@i1552-5783-57-4-2213-b32]^ including serum albumen ([Table](#i1552-5783-57-4-2213-t01){ref-type="table"}).^[@i1552-5783-57-4-2213-b09]^ Two tracers were used for this study: BSA-GNP and BSA-A647. The GNP-conjugated BSA is orders of magnitude larger than the BSA-A647, but the time course and route of uptake appeared similar. At 30 minutes, BSA-GNPs were observed in caveolae in young WT mice and BSA-A647 was in CC. When caveolae were absent in *Cav1^−/−^* mice, no uptake of BSA-A647 was observed. Also, the uptake by HUVECS of BSA-A647 but not A647 occurred so labeling did not affect uptake by ECs, and it was observed in a perinuclear compartment, perhaps Golgi or endoplasmic reticulum ([Supplementary Fig. S6](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}), sites of caveolae trafficking.^[@i1552-5783-57-4-2213-b33]^ Therefore, the disparate size of the tracers used in this study did not appear to have altered the route of albumen transcytosis by ECs.

By 4 hours in young WT mice, the BSA-A647 was cleared from CC and was present in the BM and RPE. Furthermore, preloading the CC with nonlabeled BSA prevented uptake in Cav1^−/−^ mice; this demonstrated that the uptake was probably via binding to the albumen gp60 receptor, which is known to be responsible for receptor-mediated albumen caveolae transport.^[@i1552-5783-57-4-2213-b34][@i1552-5783-57-4-2213-b35]--[@i1552-5783-57-4-2213-b36]^ Gold nanoparticles without BSA and GNPs that were coated with polyethylene glycol to neutralize the surface charge were not taken up by caveolae and not found in the CC lumens ([Supplementary Fig. S5](#i1552-5783-57-4-2213-s01){ref-type="supplementary-material"}). Therefore, bulk vacuolar uptake of plasma constituents was not responsible for uptake by CC, and binding to receptors by BSA-GNPs was required for uptake.

Caveolae are found in retinal and choroidal capillary ECs, as well as pericytes. Therefore, albumin transcytosis can occur in either vasculature. The BSA-A647 for photoreceptors could come from transcytosis by the retinal or choroidal vasculature. Although BSA-A647 was observed bound to or within retinal ECs at 1 hour in young WT mice, it was not observed abluminally until 4 hours. In old WT mice, abluminal retinal BSA-A647 was observed at all time points ([Fig. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}). Our studies can not quantitatively prove the origin of BSA-A647 in the PRs, but the relative fluorescence and timing of BSA-A647 transport from CC suggests that CC and not retinal ECs is the source in young WT mice. *Cav^−/−^* mice were used to further evaluate the contribution of caveolae to albumen transcytosis. These mice lack caveolae and have impaired nitric oxide and calcium signaling, thickening of lung alveoli, and EC dysfunction.^[@i1552-5783-57-4-2213-b37],[@i1552-5783-57-4-2213-b38]^ Bovine serum albumin--A647 injected into *Cav^−/−^* mice localized to the luminal side of CC in *Cav^−/−^* but was never transported to the RPE or BM. The BSA-GNPs, however, were observed in some large vesicles within the ECs and in cytosol. This may represent an alternative pathway for endocytosis, but interestingly appeared not to transport BSA to BM and RPE. The vesicles were never seen at the abluminal surface of the EC, indicating the BSA-GNPs were not transported to the BM and RPE in *Cav1^−/−^*. Stan et al. observed these vesicles in the liver of *Cav1^−/−^* mice.^[@i1552-5783-57-4-2213-b06]^ In the animals preloaded with nonlabeled BSA, the BSA-A647 fluorescent layer was not visible in CC of *Cav1^−/−^*, whereas there was BSA-A647 in CC of WT mice. These data suggest that all gp60 on the surface of the EC in *Cav1^−/−^* mice were saturated with nonlabeled BSA. However, in the WT mice the saturated receptors were likely internalized and new gp60 receptors had apparently come to the surface by the time the BSA-A647 was administered ([Fig. 7](#i1552-5783-57-4-2213-f07){ref-type="fig"}A). These findings support our hypothesis that the albumen--gp60 complex is not internalized without caveolin-1; therefore, serum albumen is transported from luminal side to BM via caveolae-mediated transcytosis in CC.

The aging process affected BSA transport by CC. In aged WT mice, both tracers were observed in RPE in 30 minutes, and a fluorescent layer of uniformly diffuse albumen was visible in photoreceptor area by 1 hour after injection. Even though albumen was transported more rapidly to BM and RPE in aged mice compared with young WT, BSA-A647 remained in CC longer in aged mice (4-hour time point; [Fig. 2](#i1552-5783-57-4-2213-f02){ref-type="fig"}) than in young mice ([Fig. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}). Further analysis of the aged WT CC with TEM demonstrated that gold had accumulated between the EC leaflets; in other words, between the thin processes where ECs overlap and form TJs. Open TJs were also observed in aged WT, suggesting that leakage of albumen may have occurred in old WT mice. In fact, BSA-GNPs were observed leaking from retinal vessel in aged WT mice (data not shown). The more rapid transport of albumen, the presence of BSA-GNPs between EC leaflets, and apparent leakage of albumen from retinal vessels suggest that tight regulation of transport by CC and retinal blood vessels is reduced in aging.

Although fenestrations do not appear to transport albumen, it is worth discussing their role in CC and the changes observed in them with age. Fenestrations are 60--80 nm in diameter, but the CC fenestrations have diaphragms, which divide the pore yielding a predicted opening of 6 nm ([Table](#i1552-5783-57-4-2213-t01){ref-type="table"}). In addition, the opening to the pore is covered in a negatively charged glycocalyx.^[@i1552-5783-57-4-2213-b12],[@i1552-5783-57-4-2213-b13]^ Bovine serum albumin--GNPs were observed on the luminal side of fenestrations in aged mice but never transported to the abluminal space adjacent to fenestrations ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}). Bovine serum albumin--GNPs remaining on the luminal side of the fenestration pores after perfusion suggest that the glycocalyx on diaphragm of fenestrations captured BSA-GNP. Therefore, the localization changed during aging, and fenestrations of aged ECs do not function as transport system for albumen even when the albumen is bound to the luminal pore opening due to size exclusion imposed by diaphragms. Therefore, it appears that the glycocalyx over the fenestration diaphragms may change in aging as has been observed in fenestrated capillary beds during diabetes.^[@i1552-5783-57-4-2213-b39]^

Tight junctions are junctions between the leaflets of adjacent ECs, which prevent leakage of materials between endothelial cells. The molecules in the TJs are known to denature with age, which can cause leakage of serum proteins between adjacent EC.^[@i1552-5783-57-4-2213-b40]^ Transmission electron microscopy imaging demonstrated that loose TJs of ECs had BSA-GNP aggregation in CC of aged WT mice ([Fig. 5](#i1552-5783-57-4-2213-f05){ref-type="fig"}). This observation explains the more rapid transport of albumen in aged WT mice compared with in young WT ([Figs. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}, [2](#i1552-5783-57-4-2213-f02){ref-type="fig"}). In addition to choroid, this observation is consistent with albumen transport in retina. Whereas the fluorescence signal from injected BSA-A647 was observed outside of retinal vessels by 4 hours in young WT ([Fig. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}C), it occurred in aged WT by 30 minutes ([Fig. 1](#i1552-5783-57-4-2213-f01){ref-type="fig"}D). These findings demonstrated that aged mice have open TJs, resulting in loss of regulation and control of albumen transport.

In summary, the CC is an understudied vasculature responsible for transport to and from the RPE and PRs. Detailed analysis by TEM in mice indicates that CC transport of albumen is performed mainly by caveolae and TEC and not by fenestrations. The proteomics study on aged and AMD BM/choroid tissue in aging and AMD human subjects by Yuan et al. reported serum proteins like erythrocyte-specific proteins and von Willebrand factor in BM and choroid that are not known to be transported by CC.^[@i1552-5783-57-4-2213-b41]^ Our observation of increased and uncontrolled transport (through open TJs) of BSA from aged CC could explain the observation of Yuan et al. If CC transport is dysfunctional in AMD, it could yield accumulation of serum proteins in choroid, inadequate removal of material from RPE, and poor transport of materials to RPE and retina. Understanding the mechanisms of CC transcytosis and how they are altered in diseases could be invaluable for designing systemic therapies.
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